The alkylation of DNA by racemic 7r,8t-dihydroxy-9t,10t-epoxy-7,8,9,10-tetrahydrobenzo[alpyrene (ant-BPDE) exhibits a strong preference for formation of trans adducts between the N2 deoxyguanosine alkylation site and the (+)-enantiomer of anli-BPDE. In the presence of 10 mM buffer with no added salt, 98% of the adducts formed with native calf thymus DNA result from trans opening ofthe epoxide ring. The strong selectivity for trans adduct formation obtained with duplex DNA at low salt concentration is found to a lesser degree with poly(G) but is nearly absent with dAMP. When DNA adducts are formed in 10 mM MgCl2 or 1 M NaCl, the proportion of cis adducts increases to %-7 and ""26%, respectively. At low salt, 10 mM MgCl2, and 1 M NaCl, deoxyguanosine adducts are approximately 1%, 6%, and 24% cis, whereas deoxyadenosine adducts are approximately 11%, 14%, and 37% cis, respectively. NaCI also increases the proportion of cis adducts formed with poly(G) and dAMP. It is proposed that the increase in cis-adduct formation due to salt results from SN1 attack of chloride ion on the BPDE carbocation, forming a trans chlorohydrin, followed by SN2 attack of DNA.
dihydroxy-9S,10R-epoxy-7,8,9,10-tetrahydrobenzo[alpyrene [(+)-anti-BPDE] (7-9). The primary alkylation site of the diol epoxides in DNA is the N2 position of deoxyguanosine (N2-dGuo) (5) (6) (7) (10) (11) (12) , and the principal adduct formed at this site in vivo is due to (+)-anti-BPDE (4) . The purine is attached to the C-10 position of the hydrocarbon and is trans to the C-9 hydroxy substituent of the benzo[a]pyrene moiety (a trans adduct). Although trans adducts predominate in DNA, those with the 9 and 10 substituents ofthe hydrocarbon moiety in the cis configuration (cis adducts) also occur (12) (13) (14) (15) . The interaction of anti-BPDE with DNA involves physical association and a DNA-catalyzed hydrolysis reaction that competes with the alkylation reaction. The mechanisms of these reactions have been reviewed (16, 17) , as have the characteristics of the covalent adducts (18) .
The conformations of the trans N2-dGuo adducts of (+)-anti-BPDE and 7S,8R-dihydroxy-9R,1OS-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene [(-)-anti-BPDE] in DNA have recently been determined by NMR, and both adducts have been found to be situated in the minor groove, causing minimal distortion of the duplex (19, 20) . The hydrocarbon moieties of the two adducts point in opposite directions [toward the 5' end of the modified strand in the (+)-BPDE adduct, and toward the 3' end in the (-)-BPDE adduct]. The cis (+)-anti-BPDE N2-dGuo adduct has an intercalated conformation, leading to disruption of a base pair (21) . The conformation of the cis (-)-anti-BPDE N2-dGuo adduct is believed, on the basis of less direct spectroscopic evidence, to be similar (22) . A variety of correlative evidence suggests that the less disruptive trans adducts are more carcinogenic than cis adducts (22) .
The mechanism of DNA alkylation by chemical carcinogens has been worked out for a large number of compounds (23) . Many of the most important carcinogens require metabolic activation prior to exhibiting biological activity. The ultimate carcinogenic form of benzo[a]pyrene is anti-BPDE, and the identification of this intermediate has led to the development of the bay-region theory of polycyclic aromatic hydrocarbon activation (7) . Other important carcinogens have also been shown to alkylate DNA through the formation of proximate epoxides (24) . These concepts have dominated our picture of carcinogen initiation mechanisms for over two decades.
In an effort to understand the mechanism of adduct formation we have studied the effect of salts on this reaction with DNA, homopolymer forms of RNA, and dAMP. These effects have been used to elucidate a role for chloride in the alkylation of DNA by polycyclic aromatic hydrocarbons. We have found that chloride salts induce the formation of substantial amounts of cis adducts. Chloride, bromide, and iodide salts also catalyze cis opening of the epoxide during anti-BPDE hydrolysis, and this effect does not depend on the nature of the cation. It is widely accepted that BPDE-DNA adducts are formed by nucleophilic attack ofexocyclic amino groups on the C-10 carbocation ofthe epoxide (or the epoxide itself). Our (25, 26) . Resolved (+)-and (-)-anti-[1-3H]BPDE were obtained from the Chemical Carcinogen Repository of the National Cancer Institute and were in some cases diluted with unlabeled (+)-and (-)-anti-BPDE, which were prepared as described (27 Sep-Pak cartridges. Aqueous samples were brought to neutral pH and loaded onto the Sep-Pak; the cartridge was then washed with water to remove unmodified nucleosides and the nucleoside adducts were eluted with methanol. The samples were concentrated with a stream of nitrogen or with a rotary evaporator. The mixture of modified nucleosides was resolved into individual adducts by reverse-phase HPLC using a 0.46 x 25 cm C18 column and an isocratic methanol/water mobile phase. DNA adduct samples were eluted with 50%o (vol/vol) methanol at 0.7 ml/min from a DuPont Zorbax column. Adducts formed between poly(G) and resolved BPDE enantiomers were eluted from a 5-gum Rainin (Woburn, MA) Microsorb column by the same protocol. Adducts derived from reactions ofdAMP and resolved BPDE enantiomers were eluted isocratically with 52% methanol at 0.8 ml/min from the latter column. Detection was by fluorescence and radioactivity. For fluorescence detection, the column effluent was excited at 245 nm, with emission being measured at wavelengths > 320 nm by using a cutoff filter. For detection of tritium, 1-or 0.5-min fractions were collected for liquid scintillation counting. Adduct quantitation was based on a summation of the disintegrations per minute (dpm) in a peak. Adducts were identified from their chromatographic and spectroscopic properties on the basis of previous work in this (11, 14, 26) and other laboratories (12, 15) . Adduct samples stored for more than a few weeks were kept at -800C.
RESULTS
Effect of Salt on Adduct Distribution. The distributions of adducts formed between 3H-labeled anti-BPDE and calf thymus DNA (42% G+C content) in the presence of buffer only, or with the addition of 10 mM MgCl2 or 1 M NaCl, are shown in Table 1 . These results are representative of 20 experiments carried out under a variety of conditions, with several DNA substrates, which consistently showed a higher proportion of cis adducts at higher salt concentrations. Adduct elution was monitored by both radioactivity and fluorescence. Quantum yields of different BPDE nucleoside adducts vary significantly, so the values for the relative amounts of different adducts in Tables 1 and 2 are based on radioactivity. In the absence of added salt, =98% ofthe total adducts formed with dGuo and dAdo exhibit the trans configuration.
The formation of adducts can be significantly affected by changes in salt concentration. The amount of cis dGuo adducts as a fraction of total dGuo adducts is estimated to be 1% with no added salt, 6% with 10 mM MgCl2, and 24% with 1 M NaCl (Table 1) . Compared to samples with no added salt, the amount of cis dGuo plus cis dAdo adducts as a fraction of total adducts goes up 4-fold with 10 mM MgCl2 and 15-fold with 1 M NaCl. The fraction of dAdo adducts that form with the cis configuration more than triples with 1 M NaCl (from 0.11 to 0.37) but increases only slightly with 10 mM MgCl2 ( Table 1 ). The amount of cis dAdo adducts as a fraction of total adducts (dAdo plus dGuo) goes up 2-fold with 10 mM MgCl2 and 6-fold with 1 M NaCl. The total cis adduct yield goes from <2% with no added salt to 26% at 1 M NaCl. The HPLC profiles of adducts formed between (+)-anti-BPDE and dAMP in the presence and absence of 1 M NaCl are shown in Fig. 1 . Unlike poly(G) and DNA, dAMP exhibits little selectivity for trans adduct formation at low salt concentration (the trans/cis adduct ratios are between 0.75 and 2 for both BPDE enantiomers). However, as in the case of DNA, larger proportions of cis adducts are formed at higher salt concentration with both poly(G) and dAMP ( Table 2) . The salt concentration used with poly(G) was limited by the tendency of the nucleic acid to precipitate.
Adduct Recovery. A potential problem in making measurements of the ratios of different DNA adducts is the possibility that the hydrolytic enzymes used to release the adducts from the polynucleotide might be selective, which could lead to spurious results if digestion were incomplete. The maintenance of low levels of DNA modification and the use of large excesses of hydrolytic enzymes can obviate this concern by releasing the adducts quantitatively (26) . We employed this approach in the present work and, in addition, determined that there was no significant loss of adducts during HPLC. The total recovery of injected radioactivity (dpm) in the adduct fractions collected from the HPLC eluate ranged from 80% to 100%.
Mechanism of Chloride-Catalyzed Cis-Adduct Formation. Fig. 2 depicts the principal mechanism of chloride-catalyzed cis-adduct formation. The chlorohydrin forms via SN1 attack of chloride ion on the BPDE carbocation. Halohydrin formation can also occur via SN2 attack of halide ion on BPDE (data not shown). The kinetics of the hydrolysis reaction indicate that the relative importance of the SN1 and SN2 reaction pathways varies with the nature of the halide ion and its concentration (40) . Because it is less nucleophilic, chloride ion participates less in the SN2 pathway than iodide or bromide.
DISCUSSION
The most widely accepted mechanism for the formation of adducts from benzo[a]pyrene, since the demonstration that BPDE is a metabolically activated intermediate in this process, involves direct attack of the C-10 carbocation of BPDE (or BPDE itself) on nucleophilic sites in DNA, RNA, or protein (7). Indeed, this mechanism has been proposed for many xenobiotic chemicals, which have been shown to undergo metabolic conversion to form epoxides (7, 23) . Our results indicate, however, that at least in the case ofcis BPDE adducts, the alkylation of DNA can occur via chlorohydrin intermediates. Both NaCl and MgCl2 markedly increase the proportion of cis adducts obtained by alkylation of duplex DNA with anti-BPDE. In the absence of added chloride ion, cis dGuo adducts in DNA are nearly undetectable, whereas about 10% of the dAdo adducts exhibit a cis configuration. There is a direct relationship between the concentration of chloride ion and the level of cis adducts derived from both dGuo and dAdo.
We have found that iodide, bromide, and chloride ions catalyze the formation of cis-tetrol during hydrolysis of anti-BPDE. From studies of the chloride ion concentration dependence ofthe kinetics and product ratio ofthe hydrolysis reaction, we conclude that chloride catalysis of cis-tetrol formation results primarily from SN1 attack by chloride ion on the C-10 carbocation of BPDE, resulting in the formation of a trans chlorohydrin, followed by an SN2 attack by water, returning the C-10 position of the product to the original configuration. The mechanism proposed for the "chloride effect" observed in the hydrolysis of model epoxides (31) (32) (33) (34) is similar but involves formation of the chlorohydrin via an SN2 chloride attack on the epoxide as the rate-determining step. Attack of halide ions on anti-BPDE itself also occurs, (1994) and the relative importance of this pathway increases going from chloride to bromide to iodide. Since chloride ion catalyzes the formation of cis products during both BPDE hydrolysis and BPDE-nucleic acid alkylation, we propose that the mechanism of the latter reaction is analogous, with the exocyclic amino group of a base making an SN2 attack on a trans chlorohydrin. Heterolytic C-X bond energies are linearly related to the logarithm of the concentration ofhalide which provides half-maximal formation of cis-tetrol (r2 = 0.985), which is consistent with the properties of halides as leaving groups in SN2 reactions. The SN1 attack of halide ions on the BPDE carbocation should be capable of producing both trans and cis halohydrin intermediates, leading to cis and trans products, in a ratio that is difficult to predict. One difference between the halide catalysis of the hydrolysis and alkylation reactions is that in the former, the fraction of cis products never exceeds 40%, while in the latter, it can reach nearly 90% (Table 2 ).
Alkylation of DNA by chlorohydrin derivatives of BPDE undoubtedly occurs in vivo, and this reaction would tend to shift adduct formation toward the less tumorigenic, cis configuration. However, the significance of this pathway is limited by the low intracellular concentration of chloride ion (5-15 mM) (35) . The extracellular chloride concentration is -110 mM, so the formation of chlorohydrin intermediates would be more prevalent in this region. These At low salt concentrations, alkylation of poly(G) yields more cis adducts than DNA, but the homopolymer still exhibits considerable selectivity for trans-adduct formation. The (-)-and (+)-enantiomers of anti-BPDE form 17% and 14% cis adducts, respectively. Poly(G) is thought to be a parallel-stranded tetraplex (36, 37) . It is not enantioselective in its binding of anti-BPDE and thus differs in this respect from duplex DNA. We found very little trans adduct selectivity with dAMP, and a similar finding for dGMP has been reported (12) . Poly(A), which is single-stranded at neutral pH (38) , also is not enantioselective, and its trans-adduct selectivity is less than that of poly(G) (40) .
A steric explanation has been proposed for the highly selective formation of trans anti-BPDE adducts by duplex DNA (12) . anti-BPDE, as well as its carbocation, can adopt conformations in which its hydroxy groups are pseudodiaxial (conformer I) or pseudodiequatorial (conformer II) (12, 39) . The conformations of the 7 and 8 hydroxy groups in cis and trans adducts have been shown to be pseudodiaxial and pseudodiequatorial, respectively, and it appears that the adduct benzo ring conformation is retained from that of the alkylating BPDE conformer (12) . This led to the suggestion (12) that the less bulky conformer II intercalates into DNA, giving rise to trans adducts, whereas conformer I is sterically constrained to react from the outside of the helix, forming cis adducts. In support of this idea, it was noted that while mostly trans adducts were formed with double-stranded DNA (as we have also found for reactions at low chloride levels), roughly equal amounts of cis and trans adducts were formed with dAMP and dGMP. The reported data were obtained in reaction mixtures containing 95 mM chloride (12) . However, our data on adduct formation with dAMP in the absence of chloride ion are consistent with this proposal.
The same proposal may also account for the fact that at both dGuo and dAdo alkylation sites in duplex DNA, the BPDE enantiomer that forms more adducts [the (+)-enantiomer in the case of dGuo and the (-)-enantiomer in the case ofdAdo] forms a higher proportion oftrans adducts. The enantiomer that alkylates a given site to a greater degree may be the one more able to intercalate there, or better able to attack the target amino group when intercalated. The enantiomer less able to alkylate via an intercalation complex would be more likely to alkylate via an alternative, nonintercalative pathway.
In conclusion, it is likely that the proportion of BPDEnucleic acid adducts that form with the cis configuration is influenced by a number of factors, including the target secondary structure, the conformational distribution of the participating diol epoxide molecules, and the concentration of nucleophilic halide ions. Since cis and trans adducts apparently have different biological activities, it is important to understand the role of each of these factors in adduct formation.
Note Added in Proof. The accuracy for estimating minor adducts is improved by the use of normalized fluorescence content, and this technique results in a larger salt effect on cis adduct formation than reported here. Thus, the 3-fold difference in the occurrence of cis dAdo adducts formed in the presence of low and high salt increases to 4-fold when calculated on the basis of fluorescence content.
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